The presence of specific hydrocarbon gas molecules in various types of water cavities in natural gas hydrates (NGHs) are governed by the relative stabilities of these encapsulated guest molecule ─ water cavity combinations. Using molecular quantum-chemical dispersion-corrected hybrid density functional computations, the interaction energies (ΔEhost-guest) and cohesive energies (ΔEcoh), enthalpies and Gibbs free energies for the complexes of host water cages and hydrocarbon guest molecules are calculated at the ωB97X-D/6-311++G(2d,2p) level of theory. The zero point energy effect of ΔEhost-guest and ΔEcoh is found to be quite substantial. The energetically optimal host-guest combinations for seven hydrocarbon gas molecules (CH4, C2H6, C3H6, C3H8, C4H8, i-C4H10, and n-C4H10) and various water cavities (D, ID, T, P, H and I) in NGHs are found to be CH4@D, C2H6@T, C3H6@T, C3H8@T, C4H8@T/P/H, i-C4H10@H, and n-C4H10@H, as the largest cohesive energy magnitudes will be obtained with these host-guest combinations. The stabilities of various water cavities enclosing hydrocarbon molecules are evaluated from the computed cohesive Gibbs free energies: CH4 prefer to be trapped in a ID cage; C2H6 prefer T cages; C3H6 and C3H8 prefer T and H cages; C4H8 and i-C4H10 prefer H cages; and n-C4H10 prefer I cages. The vibrational frequencies and Raman intensities of the C-C stretching vibrational modes for these seven hydrocarbon molecules enclosed in each water cavity are computed. A blue shift results after the guest molecule is trapped from gas phase into various water cages due to the host-guest interactions between the water cage and hydrocarbon molecule. The frequency shifts to the red as the radius of water cages increases. The model calculations support the view that C-C stretching vibrations of hydrocarbon molecules in the water cavities can be used as a tool to identify the types of crystal phases and guest molecules in NGHs.
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I. INTRODUCTION
Natural gas hydrates (NGHs) are ice-like inclusion compounds. The host lattice is made up of hydrogen bonding water molecules, and hydrocarbon gas molecules (also called guest molecules) are encapsulated in various water cavities of the host framework. [1] [2] [3] [4] Different crystal phases of hydrates can be formed at appropriate pressure and temperature conditions, such as I, II, H, and some unusual phases (TS-I, 5 HS-I, 6 sK, 7 MH-III, [8] [9] and "filled ice" [9] [10] ). 1 Six types of polyhedral cavities are included in these phases, shown in Figure 1 , which are dodecahedral (D) cavities (5 12 ), irregular dodecahedral (ID) cavities (4 3 5 6 6 3 ), tetrakaidecahedral (T) cavities (5  12 6 2 ), pentakaidecahedral (P) cavities (5 12 6 3 ), hexakaidecahedral (H) cavities (5 12 6 4 ), and icosahedral (I) cavities (5 12 6 8 ), respectively. 1 The detailed structure information of the unit cell of various crystal phases is given in Table 1 .
The NGHs play an important role in the energy and environment fields. [1] [2] [3] [4] 11 The pipelines of oil and natural gas may be blocked by chunks of NGH under certain conditions. Most notably, NGHs are considered to constitute a promising energy resource in the near future due to the tremendous carbon content in the NGH deposits on earth. It has been estimated that the amount of carbon in NGH deposits under the ocean floor and in the permafrost is at least twice the amount of that in all the fossil fuels combined. 1 However, the problems that may arise from the exploitation of NGHs must be considered. If a large amount of NGH deposits under the ocean floor is released rapidly it may induce geological disasters, and the release into the atmosphere of methane gas from NGH deposits could aggravate global warming. 1 Due to the crucial roles played by NGHs, many experimental and theoretical efforts have made to study these systems. [12] [13] [14] [15] [16] [17] [18] Experimentally, Raman, NMR, and other spectroscopic tools are the regular means to study NGHs. Especially, Raman spectroscopy has been used to identify the type of crystal phase, [19] [20] [21] type of guest molecule, 19 cage occupancy, 21 and hydration number, [21] [22] to monitor the nucleation and growth processes in real-time, 23 to study phase transformations, [24] [25] and to detect the location of NGH deposits. [26] [27] Based on Raman spectroscopy measurements, the characteristics of symmetric C-H and C-C stretching vibration of various guest molecules trapped in water cavities of sI, sII, and sH phase have been mapped out, which can be conveniently used to identify the types of crystal phase and guest molecule. 19 The cage occupancy and hydration number can be determined through deconvolution of vibrational bands. 21 The formation process of methane hydrate has been studied in real-time through Raman spectroscopy measurements of the C-H stretching vibrational mode. 23 Uchida et al. studied the structural transition of methane-ethane mixed gas hydrates as a function of the content of C2H6 employing Raman spectroscopic observations. 25 Hester et al. measured oceanic gas hydrates near the seafloor using a seagoing Raman spectrometer. 27 Theoretically, molecular dynamics (MD) simulations and quantum-chemical calculations are the most often used techniques to study NGHs. [28] [29] [30] [31] The nucleation, growth, and dissociation process has been investigated by MD simulations in the last few years. [32] [33] [34] [35] [36] [37] [38] In the quantum-chemical investigations most focus has been on the interaction between host and guest molecules, [39] [40] stability and diffusion of guest molecules in water cavities of clathrate hydrates, [41] [42] [43] [44] and phase transitions. [45] [46] Liu et al. evaluated the performance of twenty density functional theory (DFT) methods for the description of the intermolecular interaction in methane hydrates. 39 Roman-Perez et al. calculated the adsorption energies of different guest molecules captured in the water cavities from clathrate hydrates based on DFT. 43 Li et al. studied the barriers of H2 and CH4 diffusion through the water framework in hydrates using dispersion-corrected DFT. 42 The ice-methane clathrate phase transition was studied by periodic hybrid ab initio-DFT computations with force-field corrections by Lenz and Ojamäe. 45 Only relatively few theoretical studies investigated the molecular vibrations of guest molecules encapsulated in the water cavities of clathrate hydrates. Tse and later Hiratsuka et al. studied the vibrational spectrum of methane CH4 in the sI hydrate using periodic first-principles MD simulations. [47] [48] Ikeda and Tarakura studied the C-H frequency shift under a methane hydrate phase transition using Car-Parrinello simulations. 46 Ramya et al. studied the vibrational and librational modes of methane trapped in the small and the large cage of the sI phase by molecular quantum-chemical computations using a dispersion-corrected functional. 49 Molecular quantum-chemical computations, where the guest molecules and the cages from the hydrate structures are represented by cluster models, is an efficient way to study host-guest interactions. 30-31, 40-41, 44, 49-52 However, in earlier studies it has been seen that unreasonable deformations of the models of water cavities in some cases occur, 53 and some water cage structures have been optimized with the oxygen atoms fixed. 54 This behavior can be avoided by employing a proper low-energy H-bond network. [55] [56] Earlier studies mainly focused on CH4, CO2, and H2 encapsulated in the water cages of clathrate hydrates, and studies on other hydrocarbon gas molecules enclosed in water cavities of NGHs are still scarce. In this article, seven kinds of hydrocarbon gas molecules (CH4, C2H6, C3H6, C3H8, C4H8, i-C4H10, and n-C4H10) encapsulated in various water cages (D, ID, T, P, H, and I) that represent the cavities of crystal gas hydrates are studied using molecular quantum-chemical computations. To explore the thermodynamic stabilities and optimal guest-cavity combinations in NGHs, the cohesive and host-guest interaction energies, enthalpies and Gibbs free energies of various water cages occupied by guest molecules are computed. To investigate the spectral characteristics of the guest-cavity systems, Raman spectra of the C-C stretching vibrational modes of guest molecules in various water cages are simulated.
II. COMPUTATIONAL DETAILS
The molecular structures of various water cages ( Figure 2 ) are obtained from the crystalline structures of sI, 57 sII, 58 sH, 59 and sK. 7 To obtain a likely most stable structure of the empty water cage, we adjusted the arrangement of the hydrogen atoms to minimize the number of the nearest neighbor pairs that both have a dangling H-bond as in Refs. 55, 60 . The number of nearest neighbor pairs that both have a free hydrogen atom was then 3, 2, 3, 4, 4, and 5 for the D, ID, T, P, H, and I cage, respectively. In this way the unreasonable deformations of the water cage are avoided, even without the cage any occupation.
The guest molecules (CH4, C2H6, C3H6, C3H8, C4H8, i-C4H10, and n-C4H10) are initially put at the center of each water cage, which are then allowed to adjust to a local-minimum orientation in the water cage through molecular mechanics optimization using the CVFF 61 force field with the water cage frozen. This gives an initial rough estimate of the structure. Subsequently, the whole clusters are fully relaxed utilizing the quantum-chemical dispersion-corrected ωB97X-D 62 density functional together with the 6-311++G(2d,2p) basis set 63 , which has been found to be an appropriate computational scheme. 39 The Gaussion09 program 64 was used. For the case of n-C4H10, the molecule adopts the gauche conformations in the T and H cages and the trans conformation in the P and I cages as a result of the geometry optimizations. The energies E (i.e. the electronic energies or the potential energies for the nuclear motion), and by a normal-mode computation enthalpies H (which includes vibrational zero-point energies and thermal vibrational and rotational contributions) and Gibbs free energies G (which includes entropic effects), are calculated for the geometry-optimized structures using the same level of theory. The host-guest interaction energies, enthalpies and Gibbs free energies, and the cohesive energies, enthalpies and Gibbs free energies per water molecule are calculated using the following expressions:
where X = E, H, or G. Xtotal is the energy (or enthalpy or Gibbs free energy) of the water cage encapsulated with a guest molecule, Xcage is the energy (or enthalpy or Gibbs free energy) of a corresponding empty water cage, Xguest is the energy of an isolated guest molecule, XH2O is energy of a free water molecule, and n is the number of water molecules building up the water cage. To study the effect of zero point vibrational energy, the zero point energy (ZPE) correction is explicitly computed. In the calculation of H and G the temperature and pressure were set to 273K and 77 bar, parameters that are typical of the experimental condition 13, 27 Note that, since molecular cluster models are used, the pressure only enters into the calculation of the entropies, i.e. the geometry-optimized structures and E and H are unaffected by the pressure (which has not always been recognized in earlier studies). However, in this study we are mainly interested in the effects that can be attributed to the interactions of the guest molecules with the water molecules in the wall of cavities, whereas lattice and pressure effects (studied by periodic computations) are 45 and will be the subject of other studies.
The radius of each geometry-optimized water cage is calculated by the summation of the distances of the oxygen atoms from the center of mass of the water cage divided by the number of oxygen atoms.
Raman spectra of guest molecules trapped in various water cages are also modeled. In this article, the C-C stretching vibrational modes are extracted based on the contributions from the vibrational amplitudes of the carbon atoms to each normal mode, in a similar way as in previous work. [65] [66] When comparing with the available experimental results, 1, 19 the theoretical results were found to systematically overestimate the vibrational frequencies by 10-20 cm -1 . This is probably due both to deficiencies in the electronic-structure level of theory used and to the neglect of anharmonicity, since the harmonic approximation is inherent in the normal-mode calculations. Thus, as listed in Table 2 , we scale the computed wavenumbers by multiplication by a scaling factor c (0.983), which was obtained from a least-squares fit corresponding to the following formula 67 :
where νi is the experimentally measured wavenumber and ωi is the computed wavenumber from the present work. It is interesting to note that multiplication with this single factor is sufficient to bring all eight frequencies present in Table 2 into very nice agreement with experiment.
III. RESULTS AND DISCUSSION

A. Structures and stabilities a) Position and dangling H-bond effects.
When a molecule is placed in one of the cavities, in general many alternative local-minimal energy positions are possible. In Figure 3a , the energy of a guest molecule enclosed at different positions in the water cages is studied. Methane or ethane molecule is put at several initial positions in the D, T, P, and H cages, and the structure is then fully relaxed. The cohesive energies per water molecule of these clusters are calculated, which are shown in Figure 3 and in Table S1 in the supplementary material. For methane located at different positions, the largest difference of ΔEcoh in the D, T and P cages is 0.02 kcal/mol. For ethane, the largest differences in total cohesive energies for three different positions in the T and H cages are 0.02 and 0.01 kcal/mol. The slight energy differences among different local minimums suggest that the potential surface is very flat. The energy is rather insensitive to the position of the guest molecule in the water cages.
The influence of the arrangement of the H-bond network, especially the number of neighboring dangling H-bond pairs in the water cage, is also investigated in this work. As shown in Figure 4 , four types of 5 12 cages (D, D-Ci, D-C5, and D-S10 from Refs. 55, 56, and 66. [55] [56] 66 ) and two types of 5 12 6 4 cages (H and H′) with different H-bond arrangements are investigated. The number of nearest neighbor pairs that both have a free hydrogen atom is 3, 4, 5, and 10 for the D, D-Ci, D-C5, and D-S10 cage, respectively. In the H and the H′ cage there are 4 and 9 pairs, respectively. The D and H cages have the least number of nearest neighbor dangling H-bond pairs. From Figure 3b and Table S2 , one can see that CH4@D is much more stable than the other cases, and the energy difference between CH4@D and CH4@D-S10 is 1.06 kcal/mol per water molecule; C2H6@H is more stable than C2H6@H′ by 0.58 kcal/mol per water molecule, and H is more stable than H′ by 0.30 kcal/mol per water molecule. Furthermore, C2H6@H′ and H′ collapsed after optimization (see Figure 4g ). It is difficult to compare with results from other studies since the quantum-chemical methods used differ and since usually detailed structures (from which the number of dangling H-bond neighbors can be deduced) are not reported, but at least for the D cage the energy was given as a function of the number of dangling H-bond neighbors in Ref. 55 and its cohesive energy for different H-bond topologies was discussed in Ref. 56 and in Ref. 66 , where the energy difference between D and D-S10 was found to be 1.24 kcal/mol. The effect of the topology of the H-bond network is quite substantial, which needs to be considered in calculations of this type. 55-56, 60, 66, 68 b) O-O distances and water cavity radii.
As listed in Table 3 , the average distance of the nearest neighboring O-O pairs of the empty water cages is 2.76 Å, which is consistent with the location of the first peak in the O-O radical distribution function in MD simulations, 37, [69] [70] and also in line with reported values by single-crystal diffraction studies. 71 After filling the cages with the guest molecules, the geometrical parameters of the water cages will vary depending on the size and shape of the guest molecules. Every cage shrinks after encapsulating a methane molecule which is reflected by the average nearest O-O pair distance decreasing from 2.76 Å to 2.75 Å and the radius of each water cage shrinking by 0.01 Å or less.
For C2H6, the D and ID cages expand slightly and the remaining four cages shrink: the average nearest O-O pair distances for the D and ID cages change from 2.76 Å to 2.77 Å and for the T, P, H, and I cages from 2.76 Å to 2.75 Å. The radii of the D and ID cages increase by 0.02 Å and 0.01 Å, respectively, and that of the T, P, H, and I cages shrink by 0.01 -0.02 Å. For C3H6, the distance for the D and ID cages increase by 0.03 Å and that of the remaining four cages decrease by 0.01 Å. The variations of the cavity radii show the same trend as for CH4, i.e. the D and ID cages expand and the T, P, H, and I cages shrink.
After encapsulating C3H8, the D and ID cages expand, the T cage size is unaltered, and the P, H and I cages shrink. The nearest neighbor pair distance in the D and ID cages increase by 0.07 Å and 0.05 Å, respectively, that of T cage is unaltered at 2.76 Å, and that of the P, H, and I cages decrease by 0.01 Å. In addition, the cavity radii follow the same pattern.
The above-mentioned results can be rationalized by comparison with experiment. The ratios of molecular diameter of methane to the cavity diameter are 0.855 (in sI, 0.868 in sII), 0.744, and 0.652 for the D, T, and H cages, respectively.
2 Thus, the cavities will shrink after inclusion of a methane molecule. For ethane, the ratios of molecular to cavity diameter are 1.08 (in sI, 1.10 in sII), 0.939, and 0.826 for the D, T, and H cavities, respectively.
2 Therefore, the D cage expands and the T and H cage shrink after encapsulating C2H6 in each cage. C3H8 follows the same trend, the ratio of guest molecular diameter to the cavity diameter is much greater than 1.0 for the D cage (1.23), 2 thus it expands after including propane. However, that of the H cage is 0.943, thus it shrinks after C3H8 occupation in agreement with what is observed here.
The guests C4H8, i-C4H10 and n-C4H10 also show the same trend: after encapsulation where the ratio of the molecular diameter to the cavity diameter is less than 1.0 the cage will shrink, as shown by the O-O distances and the water cage radii decreasing; conversely, if the ratio is greater than 1.0 the cavity will expand. c) Host-guest interaction and cohesive energies.
In NGHs system, the interactions between host water cavity walls and guest molecules and the interactions among the water molecules are among the factors which determine the stability of the clathrate lattice. The ΔEhost-guest is dominated by the van der Waal (vdW) interaction between the guest molecule and the water cavity wall. ΔEhost-guest with and without ZPE correction are listed in Table 4 . For the methane molecule encapsulated in a D cage, the ΔEhost-guest is -5.5 kcal/mol and -7.2 kcal/mol with and without ZPE correction, respectively. It is close to the result (-6.1 kcal/mol) 40 from MP2/CBS calculations after including the ZPE correction. The ZPE effect for CH4 encapsulated in each cavity is between 10% and 27% of ΔEhost-guest. If we consider all the cases, the ZPE of ΔEhost-guest is between 5% and 54%, except for C3H8 and C4H8 encapsulated in the D cage. For C3H8 and C4H8 encapsulated in the D cage, the interaction is attractive without ZPE correction; however, it becomes repulsive after including the ZPE correction. Furthermore, the ZPE of ΔEcoh is between 24% and 26% for all cases listed in Table 5 . Thus, the ZPE effect is quite significant when computing ΔEhost-guest and ΔEcoh.
In Figure 5 , the ΔEhost-guest with ZPE correction for different guest molecules encapsulated in different water cavities is depicted. The interaction is the strongest for methane encapsulated in the D or the ID cage, as the ΔEhost-guest of CH4@D and CH4@ID is lower than for the other cages. Regarding ethane, it interacts more favorably when encapsulated in a T cage than in the other cages. C3H6, C3H8, and C4H8 interact most strongly with the cage when trapped in P cages. Both i-C4H10 and n-C4H10 binds the strongest in an H cage.
The cohesive energy (ΔEcoh) contains contributions from both the cavity-guest vdW interactions and from the water (mainly H-bonding) interactions. As depicted in Figure 6 , the water cavity occupied by a guest molecule will be more stable than the empty cage except when the guest molecule does not fit into the cage, i.e. C3H8 and C4H8 in a D cage. Since the cohesive energy ΔEcoh is given per number of water molecules, the stabilities of water cages with different sizes can be compared. The empty water cages have similar cohesion energies. For CH4, the largest stabilization is obtained when it occupies a D cage. For C2H6, C3H6, and C3H8, the maximum stabilization occurs when they are encapsulated in a T cage. However, very similar cohesive energy is obtained when C4H8 occupies a T, P, or an H cage. Finally, both i-C4H10 and n-C4H10 will gain the most cohesive energy when occupying an H cage.
d) Enthalpies and Gibbs free energies.
The reaction enthalpies of forming various water cavities encapsulated with hydrocarbon molecules in the NGH models at 77 atm and 273 K are shown in Figures  7a, 7b and Table S3 . As seen from the ΔHhost-guest in Figure 7a , all the formation processes of enclathrated molecules from free guest molecules and (already formed) water cages are exothermic, except for encapsulation of C3H8 or C4H8 in a D cage. The formation of the complexes from free water molecules and a hydrocarbon molecule are all exothermic processes, as seen for ΔHcoh in Figure 7b . Regarding the combination of a given guest molecule with different water cages, CH4@D, C2H6/C3H6/C3H8@T, C4H8@T (or possibly P or H) and i-C4H10/n-C4H10@H will have the largest negative ΔHcoh. The changes in Gibbs free energy when water cavities are occupied by guest molecules are shown in Figure 7c , 7d and Table S4 . At 77 atm and 273 K, ΔGhost-guest is positive when CH4 occupies any (pre-formed) cage. However, C2H6 will spontaneously occupy empty T, P, and H cages, C3H6 the T, P, H, and I cages, and C3H8, C4H8, i-C4H10, and n-C4H10 all will spontaneously occupy the empty P, H, and I cages), see Figure 7c . (Note that from a thermodynamic point of view all processes with G < 0 are spontaneous, even though the rate may be low.) For the formation of the complexes from free water molecules and a free hydrocarbon molecule, the free energy change ΔGcoh is negative in all cases (Figure 7d ). From comparison of ΔGhost-guest for the same guest molecule encapsulated in different water cavities, CH4 prefer to be trapped in an H (or possibly P) cage; C2H6 and C4H8 a H cage; C3H6 a P (or possibly H) cage; C3H8 a I (or possibly H) cage; i-C4H10 and n-C4H10 prefer a I cage. If the complexes are formed from isolated water molecules and hydrocarbons, the most favorable combination (lowest ΔGcoh) for each guest molecule is CH4@ID, C2H6@T, C3H6/C3H8@T or H, C4H8/i-C4H10@H, and n-C4H10@I.
B. Raman spectra of guest molecule C-C vibrations
The vibrational C-C stretching frequencies of guest molecules can be used to identify the types of crystal structure of NGHs and the types of guest molecules. In this work the C-C stretching vibrational Raman spectra of hydrocarbon molecules trapped in various water cavities of NGHs are computed, see Table 6 .
Shown in Figure 8a are the Raman spectra of the C-C stretching mode of ethane encapsulated in various water cages and in the gas phase. The frequencies are red-shifted when going from the D cage to the H cage, as the radii of the water cages increases. The frequency of C2H6 in the I cage is almost equal to that in the gas phase. The agreement between the computed and experimental C-C vibrational frequencies support the inference that ethane can be trapped in the small 5 12 cage of the sI and sII phases. 19 The vibrational spectra of C3H8 are presented in Figure 8b . Upon encapsulation in the water cages both the A1 and B2 C-C stretching mode frequencies will be blue-shifted compared to in the gas phase. As the radii of the water cavities increase the C-C stretching frequencies will shift to the red.
For C3H6 and C4H8 the spectra are presented in Figure 9 . The antisymmetric C-C stretching mode of C3H6 is located at the lower frequency region and the symmetric mode is in the higher frequency region. For C3H6 both of them are red-shifted when going from the smaller cages to the larger cages. For C4H8 in the gas phase, when as here the point group D2d. is used, has three C-C stretching mode symmetries: E (914 cm -1 ), B1 (947 cm -1 ), and A1 (1015 cm -1 ), where A1 is the symmetric stretching mode. The E C-C stretching vibration is very weak, thus we mainly focus on the B1 and A1 modes. Going from the smaller cages to the larger cages, both the B1 and A1 C-C stretching modes are red-shifted as the size of the water cage increases.
The spectra of i-C4H10 can be seen in Figure 10 . The symmetric and antisymmetric stretching modes of i-C4H10 are located in the lower and in the higher frequency part in the spectra, respectively. In the same way as for the molecules discussed above, the red shift is also present for both the symmetric and the antisymmetric vibration when going from smaller cages to larger cages and to the gas phase.
The molecule n-C4H10 has two well-known isomers: trans n-C4H10 and gauche n-C4H10. Whereas the trans form was obtained in the P and I cages, it transformed into the gauche form in the T and H cages This consistent with the experimental observation of the spectral features of gauche n-C4H10 in Raman spectra of the sII hydrate, from which it has been concluded that trans n-C4H10 is too large to enter the H cage of the sII phase. 19, 72 The computed gauche n-C4H10 C-C stretching frequencies in the range of experimental interest are at 858 (with the highest intensity), 870 (lowest intensity) and 1091 cm -1 . The frequency 1091 cm -1 corresponds to a symmetric C-C stretching mode that is largely uncoupled from the motion of the water molecules, and the position is in fairly good agreement with the experimental peak position of 1082 cm -1 . 19 The computed peak at 858 cm -1 differs more from the observed peak at 839 cm -1 . A visual inspection of this mode reveals that it highly coupled with the motion of the water molecules in the wall, and since the wall itself is less well described in our present model a larger discrepancy can be expected for this mode. In fact, there are also similar modes at 812, 826 and 847 cm -1 of roughly half the intensity of the 858 cm -1 mode, and the intensity-weighted average of these four modes is at 842 cm -1 , which is in considerably better agreement with the experimental value at 839 cm -1 . 19 All in all, the computations support the conclusion from experiment that n-C4H10 is present in the gauche form in H cages. 19 The trans n-C4H10 molecule in gas phase is of C2h symmetry. In comparison with the frequencies in the gas phase, the frequencies of the guest molecules in the P and I cages are blue-shifted in both cases. The C-C stretching frequencies are also for both forms of n-C4H10 red-shifted as the water cavity radius increases.
IV. CONCLUSIONS
The thermodynamic stabilities and vibrational spectra of various water cavities occupied by different guest molecules typically present in NGHs have been investigated by molecular quantum-chemical computations. The interaction energy is insensitive to the different local-minimal possibilities within the cavity, but the arrangement of dangling H-bonds of the water cage is significant. The ZPE effect of ΔEhost-guest and ΔEcoh is substantial.
The cavity will shrink if occupied by a small molecule (the ratio of molecular diameter to cavity diameter less than 1.0); if occupied by a large molecule (ratio greater than 1.0), both the average O-O distance and the radius of the cavity will increase. The energetically optimal host-guest combinations among these seven hydrocarbon gas molecules in various water cavities in NGHs are CH4@D, C2H6@T, C3H6@T, C3H8@T, C4H8@T (or possibly P or H), i-C4H10@H, and n-C4H10@H, from the point of view that the largest magnitudes of cohesive energies will be obtained with these host-guest combinations. From the cohesive free energies (ΔGcoh) the most favorable combination for each guest molecule is CH4@ID, C2H6@T, C3H6/C3H8@T or H, C4H8/i-C4H10@H, and n-C4H10@I.
The C-C stretching vibrational frequencies of these seven hydrocarbon molecules enclosed in the different water cavities have been computed. There will be a blue shift after the guest molecule is trapped from the gas phase into various water cages, due to the host-guest interactions between water cages and hydrocarbon molecules. The frequencies will shift to the red as the radius of water cages increases. The computations indicate that n-C4H10 is present in the gauche conformation in T and H cages, which has been previously concluded from experiment for H cages in sII hydrates. 19 The computed trends of the C-C stretching vibrations of hydrocarbon molecules in the water cages can possibly be used to help identify the types of crystal phases and guest molecules in NGHs. Similarly, the C-H stretching vibration of guest molecules in clathrate hydrates can also be used to provide information about the crystal phases and guest molecules; this will be the focus of a forthcoming paper. 
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